basis of theoretical analyses, band gap values of ZGNRs are found to be strongly dependent on relative arrangement of sp 3 to sp 2 hybridized carbon atoms at the edges for a defect concentration; so the findings would greatly help in understanding band gap of nanoribbons for their electronic applications.
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I. INTRODUCTION
Graphene, the first two dimensional material, was isolated for the first time in 2004 by A.K. Geim group at the University of Manchester 1,2 . Very soon, it attracted great attention from the scientific community for its extraordinary physical properties [3] [4] [5] [6] [7] [8] , but its zero bandgap turned out to be its biggest weakness, and remains the main bottlencek against its applications in electronics. Though, band structure calculations of graphene nanoribbons (GNRs) carried out even before discovery of graphene show metallic nature for ZGNRs, while semiconducting for armchair GNRs 9 . It was analyzed that formation of edge states at Fermi level from the edged carbon atoms in ZGNRs is responsible for its metallic nature, but possibility of a band gap in AGNRs prompted experimentalists to explore for a band gap by fabricating GNRs. However, the experiments on GNRs fabricated into mutually perpendicular crystallographic orientations by etching a single graphene sheet using electron beam lithography followed by oxygen plasma etching process showed band gaps in both zigzag and armchair crystallographic orientations 10 , in contrast to the theoretical predictions 
II. RESULTS AND DISCUSSION
For investigation of edge defects on band structure of ZGNRs, we consider three concentrations of defects. Edge defects are created by replacing some of the sp 2 hybridized carbon atoms at edges by sp 3 hybridized carbon atoms. Normally, GNRs are fabricated using oxy- Table I . For case (a) 1:9, semiconducting behavior is observed for ZGNRs at lower width N z ≤ 6, but becomes metallic at higher width N z > 6. On increasing the edge From the above results, it is observed that band gap increases with defect concentration, but on further increasing the defect concentration, band gap value decreases. It can be attributed to the fact that with increase in the defect concentration at edges of ZGNRs, band gap would increase due to localization of charges at the edges states 23 . On further increase in the defect concentration, the band gap decreases possibly as a consequence of a change in the arrangement of sp 3 and sp 2 hybridized carbon atoms at the edges, which can be correlated to the edge reconstruction in nanoribbons [24] [25] [26] [27] [28] . Since in all the three cases, the sp 3 and sp 2 hybridized carbon atoms are arranged in a symmetrical way at the edges, but the only difference is the relative arrangement of sp 3 to sp 2 hybridized carbon atoms. It suggests that in addition to defect concentration, the order in which defects are arranged at the edges may play an important role in the band gap values of ZGNRs. It motivated us to investigate the effect of relative arrangement of sp 3 to sp 2 hybridized carbon atoms at the edges on the band gap values.
In order to investigate the effect of arrangements for a defect concentration, we con- 
where,
and
On solving equation (1) 
III. CONCLUSION
It is concluded that band gap of ZGNRs are strongly affected by relative arrangement of defects (sp 3 to sp 2 hybridized carbon atoms) at the edges for a defect concentration, which is a consequence of a change in their one-dimensional potential profile. The investigations would help in understanding the band gap studies of nanoribbons for their electronic applications.
SUPPLEMENTARY MATERIAL
See supplementary material for the analyses of different band gap values of Arran. I and
